PACS 75.40.Gb -Dynamic properties (dynamic susceptibility, spin waves, spin diffusion, dynamic scaling, etc.) PACS 75.25.+z -Spin arrangements in magnetically ordered materials (including neutron and spin-polarized electron studies, synchrotron-source X-ray scattering, etc.) PACS 78.70.Nx -Neutron inelastic scattering Abstract -The spin dynamics of the frustrated quasi-two-dimensional spin-5/2 Heisenberg antiferromagnetic kagomé compound deuteronium jarosite, (D3O)Fe3(SO4)2(OD)6, has been studied using inelastic neutron scattering. The dynamic magnetic susceptibility shows a clear spin-liquid behavior with strong dynamic short-range correlations with staggered chirality, as seen from the wave vector dependence at finite-energy transfers. The magnetic scattering at low temperatures is gapless and extends out to at least 20 meV. The dynamics shows a non-exponential relaxation behavior but no dynamical ω/T scaling. The characteristic energy (inverse relaxation rate) increases linearly with temperature.
Introduction. -Frustrated magnets provide fascinating experimental and theoretical opportunities to explore novel ground states and correlations in condensed matter [1] . Classical Heisenberg spins with nearestneighbor (NN) antiferromagnetic (AFM) interactions on a triangle cannot minimize the energy of all bonds simultaneously. As a consequence of this geometrical frustration, a 120
• spin arrangement is favored. When such triangles are connected by their corners to form a two-dimensional network, the kagomé lattice, the ground state is strongly degenerate and no long-range magnetic order is expected at any temperature [2] [3] [4] . Thermal fluctuations favor coplanar states that are nematic-like and to lesser extent exhibit √ 3 × √ 3 correlations, but no tendency to divergent correlation functions in the limit T → 0 is observed in numerical work [2, 3] . While the true ground state is still unknown, even less is known about the dynamics.
To address these open questions, we have used inelastic neutron scattering to study the dynamics of the spinliquid state in deuteronium jarosite, one of the best experimental realizations of the classical kagomé Heisenberg antiferromagnet. The jarosite family are naturally occurring minerals of formula AFe 3 (SO 4 ) 2 (OH) 6 , where A + is a monovalent ion and Fe 3+ carries a spin of 5/2. Jarosites are characterized by well-separated kagomé layers (small interlayer coupling), strong NN AFM interactions (the Curie-Weiss temperature extracted from magnetic susceptibility is θ CW = −700 K), and near full occupancy of the kagomé lattice (small disorder). Most of the jarosites order antiferromagnetically with uniform vector chirality at T N ≈ 60 K with a k = 0 structure [5, 6] , and, due to weak interlayer coupling, a doubling of the magnetic unit cell in the c-direction. However, one member of the jarosite family, hydronium (or deuteronium) jarosite, with A
does not show long-range magnetic order down to at least 1.5 K, but rather a partial spin-glass freezing below T g ≈ 13.8-17.5 K [7, 8] . The spin freezing is very different from that observed in "normal" site-disordered spin glasses with a T 2 rather than linear temperature dependence of the specific heat and unusual aging and memory effects [9] . Deuteronium jarosite has therefore been coined a "topological spin glass" [7] . Experiment and results. -A 7.6 g fully deuterated powder sample of deuteronium jarosite (space group R3m with a = 7.32 and c = 16.9Å) was prepared as described in ref. [10] . The sample was characterized by powder X-ray diffraction and magnetic susceptibility measurements. The residual hydrogen/deuterium (H/D) ratio is smaller than 5%, as estimated from the intensity of the hydrogen recoil line, measured with high-energy (750 meV) neutrons.
Inelastic neutron scattering measurements were performed at temperatures T between 14.5 and 240 K on the MARI direct-geometry time-of-flight chopper spectrometer at ISIS using incident energies of E i = 40 and 10 meV, for which the corresponding energy resolution at elastic energy transfer was ∆E = 1.4 and 0.3 meV, respectively. In contrast to previous neutron scattering work [7, 10] , the use of relatively high incoming neutron energies combined with analysis of the final energy on a fully deuterated sample allows a full characterization of the spin-liquid state, its correlations and dynamics. The main results are shown in fig. 1 .
The phonon contribution to the total measured dynamic structure factor S(Q, ω) was estimated and subtracted using the wave vector (Q) dependence of the scattering. This method, whose validity was verified on the nonmagnetic analogue, (D 3 O)Al 3 (SO 4 ) 2 (OD) 6 , works well because the magnetic scattering is quite well separated from the phonon scattering, as seen in fig. 1 . The latter dominates S(Q, ω) for Q > 4Å −1 with peaks in the phonon density of states at energies of 10, 19, and ∼ 25 meV. The magnetic scattering dominates S(Q, ω) for Q < 3.5Å −1 , with a clear peak at Q = 1.1Å −1 and a weaker one at Q = 2.8Å −1 . It is clearly inelastic, extending out to approximately 20 meV. The observation of these dynamic correlations classifies deuteronium jarosite as a spin liquid. Figure 1 shows also that the magnetic scattering is essentially dispersionless, i.e. the energy of the excitations does not depend on Q, only the intensity is modulated with Q. While dispersive features can be "washed" out in powder samples, this is not the case for, e.g., the magnetically ordered state of potassium jarosite [11] . In the following two sections, we will analyze the Q and energy dependence of the magnetic scattering.
Wave vector dependence. - Figure 2 shows the Q-dependence of the magnetic scattering, S M (Q), at different temperatures. The data are taken at E i = 40 meV, integrated over the energy range 3-11 meV and corrected for the magnetic form factor. S M (Q) is only weakly temperature dependent up to 120 K, above which the structure starts to disappear. Two clear peaks are observed in S M (Q). The peak position and correlation length of the first peak are independent of temperature up to at least 240 K, taking values of Q 0 = 1.17(1)Å −1 and ξ = 11.7(3)Å −1 , respectively, using the same method as in ref. [10] . The overall agreement between our data and those of ref. [10] is good. However, the data shown in ref. [10] appear to have a stronger T -dependence. We believe that this is due to differences in the range of the energy integration. Because of the low incoming energy used in ref. [10] , S M (Q) is dominated by the ω = 0 part of S(Q, ω), which corresponds to spin correlations on long time scales. Our S M (Q) has a more extended energy integration, which means that it is a better approximation of the instantaneous (t = 0) spin correlations. It is these correlations, which die out quite slowly with T , that are characteristic of the spin-liquid state. Additionally, our S M (Q) excludes the elastic (ω = 0) part of S(Q, ω), and is therefore less sensitive to the partial spin freezing which occurs in deuteronium jarosite, and which is not intrinsic to the spin-liquid response.
The structure in S M (Q) beyond the first peak was not observed in ref. [10] because of the reduced Q coverage (lower incident energy) and limited statistics, but contains important information about the short-range correlations. For a powder sample, S M (Q) can be expressed (neglecting nuclear displacements) as a radial Fourier transform of the spin-spin correlations S 0 ·S r , given by [12] 
where N r is the number of neighboring spins at distance r. To see how the measured S M (Q) relates to the magnetically ordered k = 0 and √ 3 × √ 3 structures, fig. 3 (a) compares the experimental S M (Q) with that calculated for these structures using eq. (1), where S 0 ·S r is multiplied by r −η to account for the short-range nature of the correlations (with η = 0.36 from least-square fitting). Clearly, the √ 3 × √ 3 structure is in better agreement with the data. An alternative approach is to fit eq. (1) to the observed S M (Q) for the first five coordination shells, ignoring any coupling between the kagomé layers. As seen in fig. 3(b) , the first peak in S M (Q) is well described while the structure at 3Å −1 is less well captured. The resulting S 0 ·S i shows clear antiferromagnetic NN correlations, S 0 ·S 1 = −0.29 ± 0.08, and ferromagnetic next-nearest neighbor (NNN) correlations, S 0 ·S 2 = 0.46 ± 0.11. This favors (again) the √ 3 × √ 3 rather than the k = 0 structure, since the latter has antiferromagnetic first and second neighbor correlations.
In order to further elaborate on the correspondence of deuteronium jarosite to the Heisenberg nearest-neighbour kagomé antiferromagnet, we have performed classical Monte Carlo (MC) simulations of the latter. A hybrid algorithm with a combination of Metropolis and overrelaxation sweeps [13] was performed on a periodic cluster of 972 spins with averaging over 2 · 10 6 configurations at each temperature. Previous MC results [3] for the powder structure factor S M (Q) were thus extended to a significantly wider temperature range. The correspondence with deuteronium jarosite was obtained by setting the energy scale of the classical model to J cl = JS 2 with J = −39 K and S = 5/2. The MC results for S M (Q) are in excellent agreement with the experimental data in a broad temperature interval, 14 < T < 120 K (see fig. 2 ), confirming that deuteronium jarosite is an excellent realization of the classical kagomé antiferromagnet.
An important aspect of triangular lattices is the vector chirality, C = i,j S i × S j , where the summation over each triangle is taken in a given sense. The k = 0 structure (shown in the bottom left part of fig. 1 ) has uniform vector chirality, while the √ 3 × √ 3 structure (shown in the bottom right part of fig. 1 ) has a staggered vector chirality. While neutron scattering does not couple directly to the vector chirality, the observation of dynamic short-range √ 3 × √ 3 correlations suggest that the vector chirality in deuteronium jarosite is staggered on short time scales. This conclusion is reinforced by the excellent agreement between our experimental S M (Q) and the MC simulations for an AFM kagomé lattice with NN interactions. The MC simulations of ref. [3] show unambiguously the formation of short-range staggered chiral correlations.
Energy dependence. -While there are several experimental reports on the dynamics of pyrochlore spin liquids [14] [15] [16] [17] [18] , where the basic building block is corner-sharing tetrahedra, there are relatively few studies of the dynamic magnetic susceptibility of the spin-liquid state in antiferromagnetic Heisenberg kagomé systems [19] [20] [21] [22] . The relatively large interlayer coupling or strong site (or valence) disorder in these latter studied systems motivated us to look at the energy dependence of deuteronium jarosite, which is a more ideal model system.
In the present work, the imaginary part of the magnetic dynamic susceptibility, χ (ω), was obtained from the magnetic part of S(Q, ω) by dividing out the magnetic form factor f 2 (Q), multiplying by the temperature factor 1 − exp(− ω/k B T ), and integrating over the Q range 0.6 < Q < 2.0Å −1 where the magnetic signal is maximal. Since the magnetic scattering is essentially dispersionless 17006-p3 (see fig. 1 ), the integration over Q does not affect the functional form of χ (ω). The energy response is gapless and extends out to high-energy transfers, at least 20 meV, as seen in fig. 4 . With increasing temperature, χ (ω) decreases and broadens substantially (see fig. 4 ). The data above 2 meV are well described by a quasi-elastic Lorentzian, χ (ω) = χ ωΓ/(ω 2 + Γ 2 ), which is the timeFourier transform of an exponential relaxation exp(−t/τ ) with τ ∝ 1/Γ and χ being the static susceptibility. The resulting parameters from these fits are shown in the inset of fig. 4 . χ (T ) shows a smooth decrease with increasing temperature, while the characteristic energy (or inverse relaxation rate), Γ(T ), depends linearly on temperature, with an extrapolated zero-temperature value of Γ = 1.48(3) meV. This is in agreement with predictions for a Heisenberg pyrochlore antiferromagnet, where Γ ∝ T γ with γ =1-1.25 [23, 24] , and a similar behavior could be expected for a Heisenberg kagomé antiferromagnet not showing order by disorder [25] .
Data taken with E i = 10 meV at the two lowest temperatures are in excellent agreement with the E i = 40 meV data, but extend to lower-energy transfers (see fig. 4 ). The rise below 2 meV is such that a single Lorentzian cannot be used to describe the energy dependence of the magnetic scattering. A non-Lorentzian behavior of χ (ω) due to the existence of more than one characteristic time scale has indeed been found in numerical simulations of the spin dynamics for a classical Heisenberg kagomé antiferromagnet [26] , where χ (ω) is quasi-elastic with a width that increases with increasing temperature.
A non-Lorentzian χ (ω) is generally expected for twodimensional antiferromagnets close to a quantum critical point (QCP), i.e. in the vicinity of a zero-temperature phase transition from a quantum-disordered state to long-range magnetic order [27] . At a QCP, the phase transition is driven by quantum fluctuations rather than thermal fluctuations as for a finite-temperature secondorder phase transition. One then expects that χ (ω) should show scaling behavior, χ (ω)T α = F(ω/T ), where F is a universal scaling function and the value of α depends on the universality class of the system. In the case of a transition to a spin-glass state, one expects for spin-1/2 systems a scaling behavior of type χ (ω) ∼ |ω| µ with −1 < µ < 0 [27, 28] . However, deuteronium jarosite does not appear to show any kind of scaling behavior. A fit gives χ (ω) ∼ ω −0.68 , similar to what is found for a spin-1/2 kagomé system [29] , but the agreement with our low-T data is not good (see the dotted line in fig. 4 ). Figure 5 shows a ω/T scaling plot with α = 1. Although the data overall seem to fall on a single curve, there are important deviations at both high and low energies. No significant improvement was found using other values of α. One reason for the absence of ω/T scaling may be that deuteronium jarosite is not sufficiently close to a quantum critical point, as evidenced by the partial spin freezing at T ≈ 13 K.
Discussion. -It is interesting to compare deuteronium jarosite (DJ), (D 3 O)Fe 3 (SO 4 ) 2 (OD) 6 , which shows no long-range magnetic order, with the isostructural potassium jarosite (KJ), KFe 3 (SO 4 ) 2 (OD) 6 , which orders at T N = 64 K and where the kagomé layers have a k = 0 structure and hence a uniform chirality. Analysis of the spin-wave spectrum in KJ [11, 30, 31] leads to the conclusion that the antisymmetric Dzyaloshinsky-Moriya (DM) interaction, which is allowed by symmetry since the Fe-Fe bonds lack an inversion center [32] , is responsible for the ordering, while single-ion anisotropy originating from the tilt with respect to the c-axis of the oxygen octahedra that surrounds each Fe 3+ ion [33, 34] , gives a less accurate description of the dispersion and the magnetic structure. This result is not unexpected, since the DM interaction occurs in lower order than single-ion anisotropy in the spin-orbit coupling, the latter being small because Fe 3+ has a priori no orbital momentum. Further neighbor interactions are 50% smaller than the DM term. The energy scales of the two systems are very similar: the energy range of χ (ω) in the paramagnetic phases is the same and the characteristic exchange integral extracted from θ CW of DJ using the high-temperature expansion formula for a S = 5/2 kagomé lattice [35] gives J = −3.4 meV, in excellent agreement with J 1 ≈ −3.3 meV from spin-wave fits of KJ. In view of the strong similarities of the two systems, the dramatic difference in the ground state and their spin chiralities is an enigma, in particular as the uniform vector chirality is maintained above the ordering temperature in KJ [21] . The higher site occupancy observed in most DJ samples compared to KJ samples does not appear to be an issue, as new synthesis methods now give full occupancy of KJ samples [6] , with the same magnetic ordering and T N . The most likely explanation lies in the disorder associated with the non-spherical D 3 O + ions, which may involve their position (they could lie above or below the mirror planes that bisect the K + ions perpendicular to the 3-fold axis in KJ) or the transfer of a deuterium atom to the neighboring oxygen atoms that provide the superexchange link between NN iron atoms [6] . The latter is likely to perturb local exchange interactions significantly, and both forms of disorder may disturb the local FeO 6 coordination polyhedra, and thereby modify the DM interaction. Such random disorder is generally regarded as a prerequisite for spin-glass behavior.
Conclusion. -In conclusion, we have shown that the dynamic magnetic susceptibility of the spin-liquid phase of the classical S = 5/2 Heisenberg kagomé antiferromagnet (D 3 O)Fe 3 (SO 4 ) 2 (OD) 6 extends to unusually high-energy transfers (∼ 20 meV) without the presence of a gap at low energies (∆ < 0.5 meV). There are indications of a non-Lorentzian line shape, suggesting that several time scales are present, but no conventional dynamic scaling is observed in χ (ω). The Q-dependence of these rapid spin fluctuations corresponds to a state where first and second neighbors have antiferro-and ferro-magnetic correlations, respectively. The comparison with Monte Carlo simulations suggests that these correlations are two-dimensional with a tendency to staggered chirality.
